Abstract The Pb isotopic compositions of maskelynite and pyroxene grains were measured in ALH84001 and three enriched shergottites (Zagami, Roberts Massif 04262, and Larkman Nunatuk 12011) by secondary ion mass spectrometry. A maskelynite-pyroxene isochron for ALH84001 defines a crystallization age of 4089 ± 73 Ma (2σ). The initial Pb isotopic composition of each meteorite was measured in multiple maskelynite grains. ALH84001 has the least radiogenic initial Pb isotopic composition of any Martian meteorite measured to date (i.e., 206 Pb/ 204 Pb = 10.07 ± 0.17, 2σ and 0.17 Ga, respectively. The model employed here is dependent on a chondritic μ value (~1.2) from 4567 to 4513 Ma, which implies that core segregation had little to no effect on the μ value(s) of the Martian mantle.
Introduction
Radiogenic isotopic systems can be used to constrain the time-integrated bulk composition of the Martian silicate mantle and crust, timing of differentiation, and the behavior of the parent and daughter elements of a given isotopic system. Currently, there are six known types of Martian meteorites: shergottites, nakhlites, chassignites (collectively, SNCs), Alan Hills (ALH) 84001 (an orthopyroxenite), Northwest Africa (NWA) 8195 (an augite basalt), and NWA7533 (a regolith breccia) and its pairs [e.g., Agee et al., 2013 Agee et al., , 2014 Humayun et al., 2013; Mittlefehldt, 1994; Nyquist et al., 1995, and references therein] . ALH84001 is a unique orthopyroxenite that has a crystallization age of 4.074 ± 0.099 Ga determined by a Pb-Pb isochron [Bouvier et al., 2009] , which is in agreement with the Lu-Hf age of 4.091 ± 0.030 Ga (2σ ). The SNCs comprise mafic and ultramafic rocks with a relatively limited range in composition and 87 Sr, 176 Hf, and 147 Sm- 143 Nd ages that span 1.3-0.6 Ga [e.g., Borg et al., , 2005 Bouvier et al., 2005 Bouvier et al., , 2008 Lapen et al., 2008; Misawa et al., 2006; Nyquist et al., 1995; Shih et al., 2009; Shafer et al., 2010, and references therein] . The shergottites can be subdivided into basaltic and lherzolitic types [e.g., Nyquist et al., 1995] and even further divided, on the basis of light rare Earth element concentrations and radiogenic isotope compositions, into a spectrum from depleted to enriched varieties [e.g., Borg and Draper, 2003; Borg et al., 1997 Symes et al., 2008] . The enriched shergottites generally have a younger age (~170 Ma) than the depleted shergottites (~300-580 Ma) [e.g., Borg et al., 1997 Borg et al., , 2005 Nyquist et al., 1995; Moser et al., 2013; Symes et al., 2008] . Pb isotopic data obtained from solution analysis of shergottite mineral separates, which yield arrays in 207 Pb/ 204 Pb versus 206 Pb /204 Pb diagrams corresponding to apparent >4 Ga ages, are explained either as (1) true crystallization ages resulting from in situ decay of U to Pb [Bouvier et al., 2005 [Bouvier et al., , 2008 [Bouvier et al., , 2009 or (2) mixing of two end-members with highly contrasted Pb isotopic compositions either terrestrial or Martian Borg et al., 2005; Gaffney et al., 2007] . The source reservoir for the enriched shergottites and ALH84001 has been inferred to have formed at 4.513 Ga based on the combined isotopic systematics of 176 Hf, 147 Sm-143 Nd, and 146 Sm-the isotopic composition of initial Pb (present at the time of crystallization) in ALH84001 and three enriched shergottites and subsequently construct a coherent, time-integrated Pb isotopic model of the Martian mantle that is in agreement and consistent with the majority of the other radiogenic isotopic information available for these meteorites.
Pb Isotopic System
The element Pb has four isotopes: 208 Pb, 207 Pb, 206 Pb, and 204 Pb, of which the first three are daughter products of long-lived isotopes 232 Th, 235 U, and 238 U, respectively. At any given time, the Pb isotopic composition of a rock or mineral is a combination of its initial Pb isotopic composition, which is dependent on its previous U-Th-Pb history, and subsequent in-growth of Pb from the decay of U and Th. The coupled U decay schemes mean that the system can be utilized by measurement of Pb isotopes alone, yielding both chronological and geochemical information. Pb-Pb geochronology is explicitly dependent on the following assumptions: (1) individual minerals within a given sample began with an identical Pb isotopic composition; (2) the system has been closed since the time of crystallization or has been disturbed very recently; and (3) if multiple samples are used, they must be cogenetic and abide by the first two assumptions. If these assumptions are met, radiogenic Pb can be used to define a Pb-Pb isochron corresponding to the age of crystallization for a rock or suite of cogenetic samples. Initial Pb, which is present at the time of crystallization and preserved in minerals that contain no U or Th and, hence, have no radiogenic Pb in growth, can be used to define time-integrated chemical parameters (μ = 238 U/ 204 Pb and κ = 232 Th/ 238 U) of a sample's source, based on a model of Pb growth in the host planetary body, and its crystallization age. Terrestrial Pb isotopic models have historically fallen into three categories: single stage, multiple stage, and those incorporating mass transport.
Single-Stage Pb Isotope Models and Model Ages
A single-stage Pb isotopic model starts at the beginning of the solar system, defined here by the oldest preserved solid materials in the solar system at 4.567 Ga [Connelly et al., 2012] , with the Pb isotopic composition of solar system initial (primordial) Pb in Canyon Diablo Troilite (CDT) [Chen and Wasserburg, 1983] . CDT is an FeS mineral found in the Canyon Diablo IAB iron meteorite, which has no U and therefore has accumulated no radiogenic Pb since solar system formation. Subsequently, the Pb isotopic composition evolves with a fixed μ value until a given rock/mineral crystallization age, time (t). The line that connects these two points is known as a single-stage geochron (for present day this is "The Geochron," for any time in the past it is a paleo-geochron), on which all samples with the same crystallization age and differentiation history but different μ values will plot [Holmes, 1946; Houtermans, 1946, Figure 1] . A paleo-geochron is, therefore, a prediction of the Pb isotopic composition at any time after 4.567 Ga, based on a single-stage growth for any μ value anchored by CDT. This is in contrast to a Pb-Pb isochron used in Pb-Pb chronology following the assumptions listed earlier. Additionally, an isochron is not anchored to a specific primordial Pb isotopic composition (i.e., CDT). The crystallization age of a rock can be determined either by a Pb-Pb isochron or by independent radiogenic isotopic systems (e.g., U-Pb in zircon, schematically in Figure 1 , whereby the second-stage paleo-geochron and the second-stage growth curves are shifted to accommodate an episodic change in μ value at a given differentiation time [e.g., Gale and Mussett, 1973] . Multiple-stage models have been proposed for terrestrial samples to account for inadequacies of single-stage models and have been demonstrated to produce accurate initial Pb model ages [e.g., Stacey and Kramers, 1975] .
In the context of planetary scale evolution of major Pb reservoirs, changes in U/Pb and/or Th/U ratios require special circumstances. Since the partition coefficients for U, Th, and Pb in a silicate-only melt are similar, silicate differentiation has little to no effect on their ratios [e.g., Gaffney et al., 2007; Hauri et al., 1994] . However, the partition coefficients for Pb in sulfides and/or liquid metal are significantly greater than that of U [Gaffney et al., 2007; Hauri et al., 1994; Malavergne et al., 2007] and fractionation of Pb from U and Th can occur during differentiation events that sequester Pb in precipitated sulfides and/or liquid metal [e.g., Allègre et al., 1982; Malavergne et al., 2007] . Therefore, core formation, in theory, should have the largest effect on a planetary body's μ value [Allègre et al., 1982] .
The initial Pb measured in any Martian meteorite has likely resided in at least three reservoirs, including (1) an undifferentiated, primitive reservoir before core formation; (2) a silicate mantle after the core was extracted; and (3) various subsequently differentiated Martian mantle silicate reservoirs, including the source(s) of the shergottites. To construct a coherent model for Martian Pb isotopic evolution, the timing of the differentiation events that formed these reservoirs first needs to be constrained to model μ and κ values relevant to each stage. In turn, this then facilitates an assessment of the nature of the differentiation process(es), such as silicate only, core segregation, and/or metal/sulfide/ silicate.
These types of multiple-stage models have limitations and are unlikely to be "physically" accurate, in that they reflect solely the behavior of U, Th, and Pb and cannot describe mass transfer. A basic assumption in most, nonmixing based, multistage models of Pb evolution [e.g., Stacey and Kramers, 1975 ] is a continuity of Pb isotopic composition between the stages; i.e., the Pb isotopic composition at the beginning at each stage is the same as it was at the end of the previous stage. This condition is satisfied if U and Th are the only elements migrating between the reservoirs and Pb is immobile. If the transition between the stages is associated with migration of Pb from reservoir A to reservoir B, then the multistage model will still be valid for reservoir A but not for reservoir B. On a planetary scale the assumption of continuity in Pb isotopic composition is highly unrealistic. For the Earth, Pb evolution models have been proposed that are based on physical, not purely mathematical, constraints involving mass transfer and continuous flow between disparate isotopic reservoirs [e.g., Zartman and Haines, 1988; Kramers and Tolstikhin, 1997] . However, the Martian sample set is currently limited to six different meteorite types and there is no unified theory to explain mass transfer on Mars (cf. plate tectonics on Earth). As such, a mathematically coherent model, while unlikely to be an accurate reflection of physical mechanisms, can provide a first-order understanding of Martian U-Th-Pb evolution.
Determining Initial Pb
Several studies have attempted to constrain the Pb isotopic systematics of Mars [e.g., Borg et al., 2005; Bouvier et al., 2008 Bouvier et al., , 2009 Chen and Wasserburg, 1986; Gaffney et al., 2007; Jagoutz, 1991; Nakamura et al., 1982] . The focus of these studies has been to determine the Pb isotopic compositions of mineral separates in Martian meteorites via traditional dissolution and solution analysis procedures. However, solution analyses of minerals that contain heterogeneous Pb isotopic compositions (e.g., from U-bearing microinclusions, different U concentrations, or contamination) will be homogenized and thus may not yield the true initial Pb. Feldspars, specifically, in this case plagioclase or shocked plagioclase (maskelynite), contain relatively abundant Pb and very little to no U [e.g., Gancarz and Wasserburg, 1977; Oversby, 1978] . Therefore, these grains should record the true initial Pb isotopic composition of each meteorite. Secondary ion mass spectrometry (SIMS) offers an in situ technique that minimizes crystal boundary/surface contamination by targeting the middle of crystals while avoiding U-bearing inclusions. Although individual measurements may be relatively imprecise, this method can produce large, statistically significant data sets. By utilizing SIMS in this study, the least radiogenic and true initial Pb has been obtained from maskelynite grains in ALH84001 and three enriched shergottites (Zagami, Roberts Massif (RBT) 04262, and Larkman Nunatuk (LAR) 12011).
Samples
Allan Hills (ALH) 84001 is a coarse-grained orthopyroxenite. It contains 97% orthopyroxene and minor chromite, maskelynite, phosphate, augite, olivine, pyrite, and secondary carbonate [Mittlefehldt, 1994] . ALH84001 has a crystallization age of 4.091 ± 0. [Lapen et al., 2008; Shih et al., 2009] ). Additionally, baddeleyite in RBT04262 yields a U-Pb age of~200 Ma [Niihara, 2011] . Zagami is an enriched basaltic shergottite that contains at least two different textural types (coarse-grained and fine-grained), with~77% pyroxene,~18% ). A weighted average for each meteorite yields an age of 170 ± 25 for RBT04262, 162 ± 15 for Zagami, and 185 ± 11 for LAR 12011. A summary for all of the enriched shergottite ages listed above is presented in Figure 2 .
Analytical Methods
The Pb isotopic compositions of maskelynite were determined using secondary ion mass spectrometry (SIMS) on polished epoxy mounts or thin sections of each sample. Before analysis, each sample was cleaned in alternating 1 min ultrasonic baths of water and ethanol. After thorough washing, a 30 nm coating of Au was applied to the surface. All measurements were conducted using a CAMECA IMS1280 instrument at the Swedish Museum of Natural History, Stockholm (NordSIM facility), using previously described experimental protocols Whitehouse et al., 2005 ]. An area of 35 × 35 μm was rastered for 70 s prior to Pb isotopic analysis to remove the gold and further minimize surface contamination. A 300 μm aperture was used to project a 12-15 nA O 2 À primary beam with a slightly elliptical 30 μm (long axis) spot on the surface of the sample. All analyses were conducted in multicollector mode at a mass resolution of 4860 (M/ΔM), using an NMR field sensor in regulation mode to maintain the stability of the magnetic field. Lead isotopic ratios were measured in a multicollector array of low-noise (<0.03 c/s) ion-counting ratios were converted to approximate elemental U/Pb ratios using the relative sensitivity factors determined by measuring BCR-2G and the natural isotopic abundances of U and Pb, following previously established procedures .
Results
Results from Pb isotopic analyses of maskelynite and pyroxene grains are presented in Tables 1 and 2 , and U/Pb elemental ratios for individual spots are provided in Table 1 .
Initial Pb compositions were calculated by taking the least radiogenic Pb isotopic population measured in maskelynite and performing an X-Y weighted mean to determine a statistically identical population (ISOPLOT 4.15 [Ludwig, 2012] (Figure 4) . These combined results confirm the ability of SIMS to target the least radiogenic parts of a mineral. Additionally, the U/Pb ratio measured in each sample does not correlate with Pb isotopic compositions, and in most cases U is effectively below detection limit (Table 1 ). 
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In addition to determining the initial Pb isotopic composition of ALH84001, orthopyroxene grains were also analyzed to determine the Pb-Pb crystallization age. These results yield a two-point isochron with an age of 4089 ± 73 Ma (2σ; Figure 5 ). This age is identical, within error to the 4091 ± 30 Ma determined by 176 Lu-176 Hf and previously determined Pb-Pb isochron age of 4074 ± 99 Ma [Bouvier et al., 2009] . Pyroxenes were also measured in each of the enriched shergottites, but the uncertainties were too large for meaningful age calculations to be made. Despite being the least radiogenic Pb measured in each of the Martian meteorites, the initial Pb determined for each sample is slightly more radiogenic than predicted by the single-stage paleo-geochrons corresponding to the ages determined by 147 Sm- 143 Nd, 87 Rb-87 Sr, and 176 Hf for all samples (Figure 6 ). Lying on a single-stage paleo-geochron would be expected to intercept the initial Pb compositions if the source(s) for these rocks evolved as a closed system with a fixed, single μ value since accretion and an assumed CDT initial composition. As such, these results explicitly imply at least a two-stage differentiation history. One approach to establishing a Pb isotopic model for these samples is to use previously established reservoir chronology as 
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a framework for a time forward integrated Pb isotopic model. As noted earlier, core formation and sulfide precipitation during silicate differentiation should, in theory, have had the largest effect on μ values in the source reservoir, shown to be similar in Sm-Nd, Lu-Hf isotopic systems, for ALH84001 and the enriched shergottites. Therefore, there are two events that should be considered in the model presented here: core formation (1-15 Ma after calcium-aluminium-rich inclusion (CAI)) and the large silicate differentiation event (4513 Ma).
The initial Pb isotopic composition of Mars for this model is assumed to be that of CDT. This is considered to be a reasonable proxy for the Martian mantle composition post core formation for the following reasons:
(1) CDT is homogenous in all measured IAB meteorites [Göpel et al., 1985] ; (2) the formation ages of the IAB core and Martian core are similar at 1.8 +2.3 / À2.0 Ma and 1-15 Ma after CAI, respectively [Schultz et al., 2009; Dauphas and Pourmand, 2011; Foley et al., 2005; Kleine et al., 2004; Nimmo and Kleine, 2007] ; and (3) it is a reasonable assumption that the materials that accreted to form both Mars and the IAB parent body had chondritic low-μ values such that radiogenic growth during the 1-15 Ma was extremely limited.
The formation age of the common source reservoir for ALH84001 and the enriched shergottites has been estimated at 4.513 Ga based on coupled Lu-Hf and Sm-Nd systematics that evolved from a chondritic reservoir Lapen et al., 2010] . To test this forward model, an initial Pb model age can be calculated based on the slope between the measured initial Pb and the modeled Pb isotopic composition at 4.513 Ga based on a varying the μ 1 value (Table 3 and Figure 7 ). This is assuming that the time between accretion and core formation (1-15 Ma after CAI) had no effect on the initial Martian mantle Pb isotopic composition, as stated previously. The correctness of this model can be evaluated by determining the differences between model ages and accepted crystallization ages in Δ t (where Δ t = age of crystallization À initial Pb model age). Following the approach of Stacey and Kramers [1975] , a μ 1 value from 4.567 Ga to 4.513 Ga of 1.2 minimizes Δ t (Δ t = 0). This value results in Pb model ages for Zagami, RBT04262, and LAR12011 of 170, 212, and 134 Ma, respectively. This μ value is not significantly elevated over ordinary and enstatite chondritic composition (~1 [e.g., Göpel et al., 1994; Tera, 1983] Black ellipses represent maskelynite, and red ellipses represent orthopyroxene. All error ellipses are 2σ.
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While the initial Pb composition of ALH84001 plots within error of both the single-stage and secondstage 4.09 Ga paleo-geochron, the initial Pb model age is consistently younger (~3.9 Ga) than the accepted age for all μ 1 values (Table 3) . This discrepancy could be a function of one or both of the following reasons: the measurements here do not represent true initial Pb and/or the source region for ALH84001 and the enriched shergottites cannot be linked to the same U-Pb reservoir, in contrast to inferences from the Lu-Hf and Sm-Nd isotopic systematics of these meteorites. Unfortunately, the aforementioned hypotheses are untestable, given the uncertainties in the SIMS measurements presented here. However, despite the model age for ALH84001 being 3.9 Ga instead of 4.09 Ga, it still is a reflection of the large absolute difference in ages needed to explain the initial Pb compositions of ALH84001 and the enriched shergottites.
Given that the best initial model ages require a chondritic-like μ value from 4.567 Ga to 4.513 Ga and core formation happened at 1-15 Ma after CAI, core segregation likely had very little effect on the μ value of the Martian mantle, an observation that is in agreement with the partition coefficient experiments of Malavergne et al. [2007] . A final complication in Pb isotopic modeling of early planetary differentiation arises from recent experimental evidence suggesting that U may be sequestered into the core [e.g., Wohlers and Wood, 2015] , challenging the long-held assumption that only Pb, in this isotopic system, partitions into the cores of planetary bodies [e.g., Allègre et al., 1982] . However, the determination of absolute concentrations during core segregation is far beyond the scope of this paper, as Pb isotopic information only yields μ and κ information. Furthermore, this problem is likely intractable given both the limited sample availability and current information on partition coefficient experiments.
Second-Stage μ Values in the Martian Mantle
Second-stage paleo-geochrons with slopes corresponding to the ages of each sample and the source reservoir Pb composition from 4.513 Ga (which evolved from 4.567 Ga with a μ value of 1.2) are shown in Figure 8 . There is a significantly better fit than a singlestage paleo-geochron, which is in agreement with the model age calculations described above (Figures 6 and 8) . As the measured initial compositions now lie on a second-stage paleo-geochron corresponding to their crystallization age, both μ and κ values can be calculated (Figure 8 ). Zagami has a calculated μ value of 4.1. RBT04262 and LAR12011 have almost identical initial Pb isotopic compositions with a calculated source μ value of 4.6. Both of these μ values have growth curves that intersect the initial Pb isotopic composition of ALH84001 (Figure 8) . A κ value of 3.4 is within error of all initial Pb measurements, although ALH84001 may have an initial Th/U ratio that is less than the enriched shergottites (Figure 8 ). These μ values are independent of all of the calculations for the model ages listed above. This increase in μ value from 1.2 to 4.6 could have occurred during a mantle differentiation event with the precipitation of sulfides [Gaffney et al., 2007] . It should be noted that this model is highly dependent on the Lu-Hf and Sm-Nd isotopic systematics put forth by previous workers and assumes that this silicate differentiation event also precipitated sulfides, thereby affecting all three isotopic systems. It would be valuable to independently confirm these results with the new Pb isotopic data presented here. Unfortunately, given the amount of variables and equations in the Pb isotopic system, independent determinations of time of mantle differentiation, μ 1 and μ 2 values are impossible with the current data set. Hopefully, with the addition of more samples with significantly different crystallization ages, these calculations can be made.
Implications for Pb-Pb Isotopic Chronology
The Pb isotopic compositions of ALH84001 (initial Pb and pyroxene) and the enriched shergottites measured here can be used erroneously to define an "isochron" of 4087 ± 93 (mean square weighted deviation (MSWD) = 4.6). This age is considered to have no significance for the following reasons: (1) the samples are not cogenetic petrographically or geochemically as ALH84001 is an orthopyroxene cumulate, LAR12011 and RBT04262 are olivine-phyric shergottites, and Zagami is an enriched basaltic shergottite. As such, fitting them to an isochron violates the primary assumptions in Pb-Pb chronology listed above, and (2) the maskelynite grains analyzed in each sample have extremely low U/Pb ratios and in most cases undetectable U (Table 1 ) and, hence, have no ingrowth of radiogenic Pb. If there is no ingrowth of Pb in the maskelynite, these data are a reflection of different Pb isotopic compositions at the time of crystallization. The goodness of fit to the calculated isochron (MSWD = 4.6) between these data sets, thus, is coincidental and a reflection of placing very old (ALH84001 initial Pb and pyroxene) and young (shergottites) initial Pb, inappropriately, on the same isochron diagram. 
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As the major phase analyzed in this study is maskelynite, a shocked form of plagioclase, the potential effect of shock on the U-Th-Pb system needs to be assessed. Shock features permeate the shergottites [e.g., El Goresy et al., 2013, and references therein], and shock has had a well-documented profound effect on chronometers that have mobile daughter products (e.g., Ar-Ar [El Goresy et al., 2013; Jourdan et al., 2014] ). El Goresy et al. [2013] further proposed that the radiogenic isotopic systems in the shergottites were likely partially or completely reset due to this shock. "Complete resetting" in isotopic systems homogenizes all individual minerals to a common isotopic composition, and this is kinetically impossible given the very short duration of heating and quenching. If the samples were "reset" during shock, all Pb would still be homogenous between mineral phases because there has not been sufficient time for new radiogenic Pb growth. Furthermore, shock has been documented to generate heterogeneous melt pockets with the isotopic composition of the surrounding minerals [e.g., Moser et al., 2013] , not wholesale homogenization to a common value. Therefore, the homogeneity of our data (n > 14 for all samples on the scale of 30 μm), which cluster around the appropriate paleo-geochrons of each age, is more likely a reflection of true initial Pb instead of heterogeneously shock redistributed Pb. Additionally, the oldest cosmic exposure age, a proxy for ejection/impact age, for the samples studied here is 20 Ma and not 170 Ma [Nyquist et al., 1995, and references therein] . There are meteorites that have experienced multiple impacts, polymict impact breccias, which are no longer identified as basalts or cumulate rocks. To explain the Pb isotopic compositions measured here as shock resetting, a highly improbable and illogical set of events needed to have happened: (1) an impact at~170 strong enough to convert plagioclase to maskelynite and reset the whole rock but not eject it from the surface and (2) a second impact at~20 Ma strong enough to eject the rock from Mars but not reset the isotopic composition. Similarly, the whole rock Pb isotope composition for ALH84001 is significantly more radiogenic than that of the shergottites, which explicitly implies a whole rock μ value that is significantly higher [Bouvier et al., 2009] . If an impact strong enough to convert plagioclase to maskelynite reset the whole rock, the maskelynite composition for ALH84001 would be significantly more radiogenic than the shergottites, which is not the case. All of the samples have been ejected at around the same age, have been shocked, plagioclase was converted to maskelynite, and have vastly different initial Pb isotopic compositions. As such, the simplest explanation for this data set is that the initial Pb determined here in each meteorite is reflective of the Pb isotopic composition at the time of crystallization. Thus, the difference in initial Pb compositions determined for ALH84001 compared with those of the enriched shergottites requires~4 Ga of Pb growth that could not have taken place in situ and . Average Δ t (crystallization age À initial Pb model ages) for the enriched shergottites versus μ values from solar system initial (CDT) at 4.567 Ga to age of reservoir formation for ALH84001 and the enriched shergottites at 4.513 Ga Lapen et al., 2010] . Solid line represents calculated average Δ t model age average for the enriched shergottites, and the dotted lines represent the 2σ mean for the corresponding average. The minimization of Δ t (=0) yields a μ value of 1.2.
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therefore must reflect differences in crystallization ages of these meteorites. Lastly, as these are the least radiogenic Pb isotopic compositions measured for each Martian meteorite and the maskelynite contains no U, they are assumed to be the closest to "true initial Pb." Therefore, the model presented here accounts for the 4 Ga difference in age necessary to explain the initial Pb compositions of ALH84001 and the enriched shergottites, a conclusion that is consistent with all other radiogenic isotope systems.
Conclusions
Initial Pb isotopic compositions preserved in maskelynite in ALH84001 and some enriched shergottites have been measured by SIMS and are vastly different. These differences are best explained by a~4 Ga difference in their respective crystallization ages. These data are less radiogenic than corresponding solution measurements of identical comparable mineral separates, a result that highlights the unique ability of SIMS to measure true initial Pb. A maskelynite-pyroxene Pb-Pb isochron for ALH84001 yields an age of 4089 ± 73 Ma (2σ). Using previously established reservoir chronology for the enriched shergottites and ALH84001, a forward model can be constructed to assess the Pb isotope composition of the Martian mantle after core formation and prior to large-scale silicate differentiation at 4.513 Ga, calculate initial Pb model ages, and μ values in the 
